Temperature conditions and the availability of moisture in the near-surface soil environment drives many important plant and other biological processes. Vegetation, which can be controlled by management, affects the spatial and temporal variability of heat and water in the soil. Land managers need to address the interactions between physical, chemical and biological factors in the near surface, but lack the necessary information. The ability to predict temperature and water within the soil-plant-atmosphere system enhances our ability to evaluate management options and enables better understanding of interactions between surface processes and the atmosphere. The Simultaneous Heat and Water (SHAW) Model, a detailed model of heat and water movement in a plant-snow-residue-soil system, was applied to 2 full years of data on semi-arid sagebrush rangeland to simulate vegetation effects on the spatial and temporal variation of soil temperature and water. Minor calibration was necessary to match the drop in measured soil water potential as the soil dried in the late spring and early summer. The model accounted for over 93% of the variation in average daily soil temperature for a sagebrushcovered area and over 96% of the variation in temperature for a bare soil surface for 2 years. Rapid changes in surface water potential and drying of the soil profile as simulated by the model closely tracked measured observations.
Introduction
The soil surface microclimate controls near-surface biological processes, including seedling germination, plant establishment, and insect population dynamics. This zone also governs hydrological processes of soil freezing, infiltration, runoff and erosion. The soil surface microclimate, characterized by soil temperature and water conditions, can be altered through management. Information concerning the effect of management alternatives on the surface microclimate could help land managers address the interactions between physical, chemical and biological factors impacted by management decisions, but this information is lacking. Models for plant growth and pest population dynamics exist, but in many cases could be greatly improved with better information about soil temperature and water conditions (Fisher et al., 1996) . Coupling these models with the ability to predict temperature and water within the soil-plant-atmosphere system would enhance our ability to evaluate management options and enable better understanding of interactions between surface processes and the atmosphere.
Soil water and temperature are most variable in the near-surface layers and therefore are most difficult to predict in this zone. Vegetation has a significant effect on temperature and water near the soil surface. Sparse vegetation can create considerable spatial variation in soil microclimate conditions, as illustrated by Pierson & Wight (1991) and Link et al. (1994) . Soil-vegetation-atmosphere transfer (SVAT) models have been developed by a number of investigators for simulating the effects of vegetative cover (Van Bavel et al., 1984; Williams et al., 1985; Lascano et al., 1987; Horton, 1989; Stockle & Campbell, 1989; Capehart & Carlson, 1994) . Flerchinger & Pierson (1991) describe a Simultaneous Heat and Water (SHAW) model which simulates detailed heat and water movement in a plant-snow-residue-soil system. The SHAW model differs from most other models in that: coupled heat and water movement related to soil freezing and thawing are simulated; plant water use is linked mechanistically to soil water by computing flow through plant roots and leaves within the soil-plant-atmosphere continuum; and the model has the capability to simulate heat and water transfer through a multi-species canopy.
Developers of computer simulation models have come under harsh criticism for not adequately validating models. Understandably, land managers and government agencies are hesitant to accept new models that have not been thoroughly tested. However, models are continually being improved and updated as we learn the shortcomings of existing models and gain more experience in applying them. Thus, testing and validating is a vital component of the model improvement process. Flerchinger & Pierson (1991) presented modelling results from uncalibrated runs of the SHAW model using 1 full year of data on semi-arid rangeland with and without vegetative cover to simulate plant canopy effects on the spatial and temporal variability of soil temperature and water. Additional experience with the model and improvements to the model have pointed out shortcomings in some assumptions made by Flerchinger & Pierson (1991) . This paper demonstrates how this experience can be used to improve simulation results through modifications of the model and changes in parameter values. Based on results of a sensitivity analysis presented herein, the model was calibrated to the full year of data presented by Flerchinger & Pierson (1991) . The model was then validated using a second year of data.
The SHAW model
The physical system described by the SHAW model consists of a vertical, onedimensional profile extending from the vegetation canopy, snow, residue or soil surface to a specified depth within the soil ( Fig. 1 ; Flerchinger & Pierson, 1991) . The system is represented by integrating detailed physics of the plant canopy, snow, residue and soil into one simultaneous numerical solution. Inter-related heat, water and solute fluxes are computed throughout the system, and include the effects of soil freezing and thawing. Daily or hourly predictions include evaporation, soil frost depth, snow depth, runoff, and soil profiles of temperature, water, ice and solutes.
Weather conditions above the upper boundary and soil conditions at the lower boundary define heat and water fluxes into the system. Water and heat flux at the surface boundary include absorbed solar radiation, long-wave radiation exchange, and turbulent transfer of heat and vapour. A layered system is established through the vegetation canopy, snow, residue and soil, with each layer represented by a node. After computing flux at the upper boundary, the inter-related heat, liquid water and vapour fluxes between layers are determined. Provisions for a plant canopy in the SHAW model were made using detailed physics of heat and water transfer through the soil-plant-atmosphere continuum (Flerchinger & Pierson, 1991) . The model may simulate several different plant species simultaneously, including standing dead plant material. The plant canopy may be divided into several layers (up to 10) and transfer of water vapour and energy are solved for each layer within the canopy. Heat and water flux within the canopy include solar and longwave radiation, turbulent transfer of heat and water vapour, and transpiration from plant leaves. Transpiration from plants is linked mechanistically to soil water by flow through the roots and leaves.
Water uptake and transpiration by plants is determined assuming a soil-plantatmosphere continuum. Thus, water flow is calculated assuming continuity in water potential throughout the plants as illustrated in Fig. 2 . Water flow is calculated: from the water potential in the soil, through the roots, to the water potential in the plant xylem; from there to the leaf water potential in all canopy layers; and from stomatal cavities in the leaves through the stomates to the ambient air within the plant canopy. Total water flow through the plant must meet transpiration demand and may be computed at any point, assuming steady state flow, from:
Here, T is total transpiration rate (kg m ). Evaporation from the soil or residue surface is computed directly from the gradient in vapour density between the surface and the bottom canopy node.
Water flow within the plant is controlled mainly by changes in stomatal resistance, which is assumed to change in response to leaf water potential such that:
(Eqn 2)
Here, r so is stomatal resistance with no water stress and Ψ c is a critical leaf water potential (at which stomatal resistance is twice its minimum value), and n is an empirical coefficient (Campbell, 1985, p. 143) . Water uptake, transpiration and leaf temperature are coupled through the energy balance of the leaf for each plant species and include net solar and long-wave radiation, latent heat of vaporization associated with transpiration, and convective heat transfer, respectively, from each plant species within the canopy layer. Details for calculating components of the energy balance for each plant species are given by Flerchinger & Pierson (1991) .
Site description
Data used to test the plant canopy routines in the SHAW model were collected on the Hourly weather data collected at the site included air temperature, humidity, wind speed, precipitation and solar radiation. In addition, soil water content was measured weekly at 30-cm depth intervals near the site (within 50 m) using a neutron probe. Soil temperature and water potential were measured hourly at 30-cm intervals along a 12·3 m transect using thermocouples and cylindrical soil moisture gypsum blocks installed at depths of 1, 5 and 10 cm. Temperature and moisture sensors were also placed at depths of 20, 30, 50 and 100 cm at less frequent intervals along the transect. Litter under the sagebrush plants varied from 3 to 5 cm deep and was estimated at 10,000 kg ha -1 . Interspace areas between sagebrush plants were essentially bare of litter. Soil at the site was Larimer series (fine loamy over sandy or sandy skeletal, mixed mesic, Xerollic Haplargids). Flerchinger & Pierson (1991) ran the SHAW model within prior calibration on the Figure 1. Physical system described by the SHAW model (T is temperature, u is wind speed, h is relative humidity, S t is solar radiation, i is precipitation and θ l is soil water content).
Initial simulations
sagebrush and interspace areas to a depth of 200 cm for 1 complete year. Boundary conditions at 200 cm depth were simulated assuming a constant temperature equal to the average annual air temperature and a constant water potential of -2·0 m based on observed water potential at 100 cm. Roots were assumed to extract water from depths down to 100 cm. Because sagebrush roots extend out into soil beneath the interspace, model output for water extracted by roots from the sagebrush simulation was input to the interspace simulation and used as a sink term in the soil water flux equation. Parameters for total root resistance r r , total leaf resistance r l and unstressed stomatal resistance r so for big sagebrush were estimated to be 1·7 ϫ 10 6 m 3 s kg -1 , 6·7 ϫ 10 5 m 3 s kg -1 and 100 s m -1 , respectively, based on data presented by Romo & Haferkamp (1989) and Miller (1988) . Leaf area index of sagebrush plants was estimated at 1·25. Critical leaf potential, ψ c , and the stomatal resistance exponent were taken as -100 m and 5, respectively, based on typical values provided by Campbell (1985, p. 143) . Bare soil was simulated for the interspace profile, with a wind roughness height assumed equal to that representative of the surrounding canopy, i.e. 13% of the canopy height (Campbell, 1977, p. 39) .
Simulated and measured values were compared using the coefficient of efficiency, E, which is the fraction of variation in measured values explained by the model (Nash & Sutcliffe, 1970; Kitanidis & Bras, 1980) and is computed as:
Here, Y i is a measured observation, Ŷ i a corresponding simulated value, and Ȳ i is the average measured value for the simulation period. E is similar to the coefficient of determination in regression models, except that E can be negative.
The coefficient of efficiency for simulated average daily soil temperature for most depths was 0·96 to 0·97 for sagebrush and 0·91 to 0·92 for interspace, however efficiency dropped to 0·77 and 0·67 for the 100 cm depth of the sagebrush and interspace, respectively. Additionally, simulated temperatures for the interspace followed measured values very closely, except from approximately day 115 to day 260 of 1989 where temperatures were consistently underpredicted by as much as 5°C. Surface temperatures for the sagebrush were slightly overpredicted during much of this same period.
Simulated matric potentials followed reasonably the trends in matric potential interpreted from soil moisture blocks for most depths, but indicated a drop in water potential at the 50 and 100 cm depths while soil moisture readings were almost constant at about -6 m water potential. Additionally, comparison of simulated water use and water use estimated from precipitation and soil water content measurements indicated that plants started actively transpiring approximately a month later in the late winter and early spring than simulated.
Model calibration
Based on initial simulations, modifications to the model were implemented and model parameters were adjusted to better represent the site. Model modification included provisions to allow leaf area of the plants to vary seasonally as dictated by the user. Thus, leaf area of individual sagebrush plants was allowed to vary from 0·8 to 3·0 over the year based on data presented by Miller (1988) . Parameter adjustments included: extending the simulated profile to 400 cm to better approximate a constant temperature lower boundary; limiting the majority of the root density to 30 cm based on soil properties including a heavy clay layer; and raising the temperature at which sagebrush is assumed to start actively transpiring from 1 to 7°C to better represent observed sagebrush response in the late winter/early spring. Additionally, it was apparent that a wind roughness parameter for the interspace representative of the surrounding sagebrush was not appropriate and the parameter was reduced from 12 cm to 0·5 cm, which is more representative of the smooth soil surface characteristic of the interspace. The presence of the sagebrush tends to reduce transfer to the interspace, but using the higher roughness parameter representative of the sagebrush had the opposite effect. Either approach admittedly violates the assumptions of sufficient fetch for establishment of a fully developed boundary layer, but a roughness representative of the soil surface itself gives a much better representation of transfer to the soil surface.
Comparison of measured and simulated water potential from the above modifications given in Fig. 3 for the 1, 30, and 100 cm depths of the sagebrush profile indicates that, although the constant water potential below 50 cm was correctly simulated, the simulated soil profile for all other depths did not dry out rapidly enough between days 120 and 180. This suggests that water was not transpired rapidly enough and adjustment of parameters controlling water flow through the plant was necessary. Although most other plant parameters were based on data found in the literature, parameter values controlling stomatal resistance in Eqn 2, i.e. critical leaf potential, ψ c , and the stomatal resistance exponent, n, were rough estimates, suggesting that these may be in need of adjustment. Thus a sensitivity analysis was conducted for these two parameters.
Sensitivity analysis
Starting with the initial values for all other parameters, Ψ c and n were each varied from their initial values of -100 m and 5, respectively. Figure 4 shows the effect of changes in Ψ c and n on simulated evapo-transpiration from the sagebrush site. Sensitivity of transpiration rate to either of these parameters is not linear, as would be expected upon stomatal resistance is limited to twice r so . From the decreased sensitivity in Ψ c between -300 and -400 m shown in Fig. 4(a) , we can deduce that as Ψ c approaches -300 m, it approaches the typical range of values for Ψ l when the sagebrush is actively transpiring. This agrees with the range of Ψ l reported for sagebrush by Romo & Haferkamp (1989) . Total simulated evapo-transpiration for n equal to 5, 3 and 1 with Ψ c fixed at -100 m was 278, 287 and 314 mm, respectively, as plotted in Fig. 4(b) . Leaf water potential, Ψ l is typically more negative than -100 m when the sagebrush is actively transpiring. Given this, an exponent n equal to 5 or 3 can potentially yield a large stomatal resistance, thereby substantially reducing transpiration to a minimum amount in either case. As n decreases, the effect of the exponent decreases and transpiration tends to increase rapidly as n approaches one. A decrease in n from 5 to 3 caused a 9 mm increase in simulated evapo-transpiration while a decrease in n from 3 to 1 caused an increase of 27 mm.
Without measured evapo-transpiration to use as a basis to quantify the improvements made by parameter calibrations, it was necessary to use measured soil water potentials. Adjusting Ψ c from -100 m to -300 m or n from 5 to 1 caused the soil profile to dry out at approximately the appropriate time, however the adjustment in Ψ c gave an overall better comparison with measured water potential. Varying values of n from 5 with Ψ c equal to -300 m did not improve simulated water potential when compared with measured values. Changes in either of these parameters had almost no effect on simulated soil temperatures. Thus, based on results of the sensitivity analysis, values for Ψ c of -300 m and n of 5 best represent the response of the sagebrush.
Model results
Soil temperatures were simulated quite well for both sagebrush and interspace profiles, as illustrated in Figs 5 and 6 , respectively. The coefficient of efficiency for simulated average daily temperatures under sagebrush ranged from 0·95 for the surface and 100 cm depth to 0·99 for most other depths. The greatest improvement over the initial simulation is better prediction at depth due to moving the constant temperature boundary condition from 200 cm to 400 cm. Coefficient of efficiency for average daily surface temperature of the interspace was 0·97, which is a significant improvement over the initial simulations. The initial assumption of a wind roughness parameter representative of the surrounding sagebrush provided too much turbulence and transfer of heat away from the interspace surface, causing surface temperatures to be significantly underpredicted during late spring and summer periods which have higher solar radiation. Using a roughness parameter representative of the interspace itself provided more accurate representation of the turbulent transfer to the interspace surface. Model modifications allowing leaf area index to change over the growing season enabled better representation of sagebrush shading the surface, yielding better simulation of surface temperature under the sagebrush during the growing season.
Measured and simulated soil water potential for sagebrush and interspace areas are presented for the 1 and 30 cm depths in Figs 7 and 8, respectively. (Soil water potential at the 100 cm depth was not different from that plotted in Fig. 3 ). The improvement in simulated water potential obtained by adjusting critical leaf potential from -100 to -300 m can be seen upon comparing Figs 3 and 7. Simulated water potentials followed reasonably the trends in water potential interpreted from soil moisture blocks, bearing in mind the limited accuracy of gypsum blocks for measuring water potential. The drop in soil water potential shortly after day 335 of 1988 can be attributed to freezing of the soil. Matric potentials rose again by day 60 of 1989 upon thawing of the soil, then dropped as the soil profile dried. As experienced by Flerchinger & Pierson (1991) , simulated water potential under the interspace using root extraction from the sagebrush simulation as a sink term followed measured values reasonably, but tended to dry the soil prematurely. Interaction and feedback between the sagebrush and interspace simulations would be required to properly simulate drying of the soil in the interspace.
Model validation
Model validation was accomplished by applying the model to an additional year of data (1989-90) using parameters calibrated to the 1988-89 year of data. Comparison of simulated and measured soil temperatures for the 1989-90 year was similar to the previous year; the coefficient of efficiency ranged from 0·93 to 0·99 for the sagebrush and from 0·96 to 0·99 for the interspace. Simulated and measured values for the sagebrush profile are plotted in Fig. 9 .
Comparison of measured and simulated water potential values, presented in Fig. 10 for the sagebrush, indicate that rapid changes in surface water potential between day 100 and 240 caused by precipitation and subsequent evapo-transpiration were simulated quite well. However, examination of the 30 cm depth indicates that the soil dried too quickly in the simulation, owing largely to limited response to precipitation events at depth (Fig. 10) . Water potential at the 30 cm depth did respond to precipitation events, but did not rise above -150 m. Because the simulated soil profile had dried significantly, shallow soil depths held much of the infiltrated water, resulting in very little response at the 30 cm depth. Soil wetting in response to the precipitation events was simulated at the 20 cm depth and water potentials rose to -20 m. Data from neutron probe readings indicate response to precipitation events at the 15 cm depth but not at 45 cm. In fact, 45 cm neutron probe readings were 5% drier than the previous year whereas soil water potentials from the 30 cm soil moisture blocks were much higher than the previous year (Figs 7 and 10) . Thus, the actual depth of soil wetting from the precipitation events could not have been much greater than 30 cm, supporting the limited response in simulated soil water potential at this depth. As in 1989, simulated water potential for the interspace site dropped more rapidly than measured.
Summary and conclusion
The Simultaneous Heat And Water (SHAW) model is a process model of heat and water transfer in a plant-snow-residue-soil system which integrates the detailed physics of a plant canopy, snow, residue and soil (frozen and unfrozen) into one simultaneous solution. For the study, model modifications were made to allow for seasonal changes in the leaf area index of plants. The model was applied to 1 complete year of data to simulate a 400 cm profile with sagebrush cover and another between sagebrush plants having no cover. Assumptions and parameters estimates, which proved inaccurate based on initial simulation results, were adjusted. For validation purposes, the model was applied to an additional year of data using the calibrated parameters.
Based on improvements in model results, modified assumptions and parameter estimates were justified. Coefficient of efficiency for the average daily 100 cm soil temperatures improved from approximately 0·67 to 0·96 largely due to increasing the depth of simulation from 200 cm to 400 cm. Additionally, a consistent 5°C underprediction of near-surface interspace temperature during periods of high solar input was corrected and the coefficient of efficiency was improved from 0·91 to 0·97 due primarily to adjusting the wind roughness parameter to better reflect a bare soil surface. Overall, coefficient of efficiency for average daily soil temperature varied from 0·97 to 0·99. Rapid changes in surface water potential simulated by the model and drying of the soil at depth closely tracked measured observations. Comparison results between simulated and measured temperatures for the second year of data were similar to the first year. Thus, with the knowledge gained from this study, the SHAW model shows good potential for coupling with other models of physical or biological processes requiring accurate near-surface information. Such coupling could provide land managers with a powerful tool to address complicated interactions between the soil surface microclimate and physical and biological processes affected by management options.
